41 clinical Listeria monocytogenes strains recovered from seven feto-maternal and 34 non-pregnancy associated cases of human listeriosis documented between 1997 and 2000 underwent serotyping and typing by pulsed-field gel electrophoresis (PFGE) applying the enzymes AscI, ApaI and SmaI. The pulsotypes of the clinical strains were compared to the pulsotypes of three L. monocytogenes strains isolated from healthy fecal carriers and nine reference strains isolated from seven outbreaks in Europe and the USA. The 41 clinical strains of Austrian provenance showed 37 pulsotypes. Five sets of two Austrian strains each were indistinguishable by PFGE typing. Epidemiological links were absent between these indistinguishable isolates. One unique pulsotype (AB) was found in three fecal isolates. Five pulsotypes (A, Q, R, AC and AD) were distinguished among the strains associated with outbreaks. Clusters consisting of two, five and six Austrian strains each were indistinguishable from the outbreak-associated pulsotypes A, Q and R, respectively, after PFGE analysis with AscI. Three strains of AscI pulsotype Q and five strains of AscI pulsotype R could be further differentiated by restriction with ApaI and SmaI. One strain each from sporadic cases shared a combined pulsotype with the outbreak strains of pulsotypes A and R, respectively. These PFGE data suggest that a similar genetic background can be found in strains which have been contributing to outbreaks world-wide and in isolates associated with sporadic listeriosis in Austria.
Introduction
Characterization of bacterial populations on the basis of their phenotypic appearance or genetic setting is named subtyping or, by a shortened expression, typing. Typing enables the tracing of illness caused by microbes to the source of infection. Source identi¢cation provides a scienti¢c basis for the management of an outbreak and facilitates risk communication in terms of patient and consumer information. Therefore, typing contributes to the control of microbial foodborne hazards. Surveillance programs aim to discover an already characterized risk preventively. Typing is used in surveillance for the detection of clusters of infections which would have been addressed as sporadic without strain characterization. A homogeneous genetic type among various strains indicates a possible common source. Listeria surveillance in the US discovered three multistate outbreaks in 1998^2000 [1] . In terms of foodborne bacteria, the common source is a contaminated food commodity which was contaminated as a raw material, during processing or storage, retailing or food preparation. With respect to listeriosis, the causal agent has usually to multiply within the food chain, mostly in antagonism with competing bacterial populations. Whether the capability of survival and growth is an attribute of a particular clone may be shown by subtyping. Typing could also be useful for establishing the association of a certain microbial type with speci¢c traits of virulence or pathogenicity [2] .
Serotyping is the most traditional subtyping scheme for Listeria monocytogenes. It was established step-by-step be-fore 1980 and has become widely used [3] . Serotyping of clinical strains, however, revealed that the majority belonged either to serotypes 1/2 or 4, most frequently serovar 4b [4] . This ¢nding raised the question whether strains of serovars 4b, 1/2a and 1/2b are more hazardous to their host than others. Serotyping belongs to the group of conventional phenotyping methods along with such as esterase typing, phage typing or multilocus enzyme electrophoresis [5^7] . The number of typing methods was extended by the development of DNA-based methods. DNA-based subtyping methods may be based on the polymerase chain reaction such as random ampli¢cation of polymorphic DNA (RAPD), ampli¢ed fragment length polymorphisms, single-strand conformation polymorphisms and multilocus sequence typing, or on methods without DNA ampli¢ca-tion such as plasmid typing, restriction enzyme analysis, ribotyping and pulsed-¢eld gel electrophoresis (PFGE) [81 4] . Each of these subtyping methods has bene¢ts and shortcomings. The desired features of an ideal typing method include discriminatory power, typability, high reproducibility and the possibility of automation. Typing data achieved by di¡erent laboratories and in di¡erent countries should be exchangeable and easy to interpret. A typing method should, however, cause a low workload for the personnel and low costs. None of the subtyping methods in current use ful¢lls all criteria. The choice comes down to the intention, the equipment and the technical skills of the investigator who has to choose the typing approach.
In view of the importance of L. monocytogenes typing for preventive food control, we established a molecular Listeria type database. Within the frame of this project, foodborne and clinical Austrian L. monocytogenes isolates were collected and typed by ribotyping and by PFGE. This approach refers to the US PulseNet initiative [15] . In the current paper, we report the typing of 41 L. monocytogenes strains recovered from sporadic cases of listeriosis in Austria, three fecal strains that were isolated during a prevalence study from healthy Austrians and nine reference strains from various outbreaks.
Materials and methods

Strains
A total of 46 cases of human listeriosis were documented by the national Listeria Reference Laboratory from 1997 to 2000. Pregnancy-associated cases were counted as one case. The patient records were evaluated for the sex and age of patients and their predisposition for immune suppression due to underlying disease. An oral consultation addressed the patients' consumption habits with regard to the following foodstu¡s at risk: coldsmoked salmon, raw milk, raw milk cheeses and other milk products at risk (soft cheese). 41 strains were avail- The distribution of serotypes in clinical strains was compared with the distribution of serotypes in 83 foodborne L. monocytogenes strains of Austrian provenance which were collected from 1986 onwards. These strains were isolated from milk and milk products (27 strains), meat and meat products (22 strains) and from plant environments (34 strains). All isolates were randomly chosen and taken from the strain collection hosted at the Institute for Milk Hygiene, Milk Technology and Food Science in Vienna.
Serotyping
Serotyping was undertaken according to the serotyping scheme established by Seeliger and Hohne [3] .
Genotyping
All 53 isolates were stored at 380 ‡C in skimmed milk. For PFGE, the strains were revitalized before typing by plating them onto Oxford selective agar (Oxoid, Basingstoke, UK) and incubation at 37 ‡C overnight. A single Listeria colony was harvested with a sterile loop and cultured in tryptone soy broth containing 0.6% yeast extract (Oxoid). Embedding of cells, DNA isolation, enzymatic digestion of DNA and separation of DNA fragments in agarose gels followed the PulseNet protocol [24] . In a ¢rst round of typing, the DNA was restricted using 25 U of restriction endonuclease AscI. Strains were considered indistinguishable when the DNA fragment patterns matched each other completely or when a slight band shift in a DNA fragment pattern was observed (distinguishing genetic event 9 1 [25] ). The DNAs of strains which remained indistinguishable after the ¢rst round of typing were subsequently cleaved with 200 U ApaI and, if still indistinguishable, by 50 U SmaI. All enzymes were purchased from New England Biolabs (Beverly, MA, USA). To con¢rm PFGE ¢ndings, 11 clinical strains recovered in 2000 were additionally ribotyped using a Ribotyper
Calculation of similarity of PFGE patterns for the strains recovered in 1997 was performed as proposed previously [26] . Coe⁄cient of similarity (F-value) was calculated from the formula F = 2x a;b /(x a +x b ) where x a;b is the number of fragments shared by both strains and x a and x b display the number of fragments per strain.
Results
Clinical and epidemiological results
Seven cases were feto-maternal and 34 cases showed other manifestations than infection of the reproductive tract. Septicemia, a¡ection of the brain and meninges, peritonitis and cholecystitis were diagnosed in 59% (n = 20), 29% (n = 10), 9% (n = 3) and 3% (n = 1) of the non-feto-maternal cases, respectively (Table 1 ). In 54% (n = 22) of all cases, L. monocytogenes was isolated from blood. The second most frequent type of specimens was cerebrospinal £uid (24.4%, n = 10), followed by swabs from placenta and cervix (12%, n = 5), pleural swabs (7.2%, n = 3) and bile (2.4%, n = 1).
On average, the case fatality was 46% (n = 19). The annual case fatality rate was highest in 1997, reaching 87%. This unusually high value was followed by 62%, 33% and 23% in 1998, 1999 and 2000, respectively. An average of 76% (n = 26) of the non-feto-maternal cases su¡ered from underlying disease, mostly consuming diseases such as cancer. The rate of underlying disease was 100%, 40%, 63% and 92%, in 1997, 1998, 1999 and 2000, respectively.
Epidemiological workups did not reveal any indices of epidemic occurrence. Oral consultations revealed that 31% of the patients had eaten products such as cold-smoked salmon, raw milk products and soft cheeses (Table 1) .
Sero-and PFGE typing results
Four serovars were determined in the panel of 41 L. monocytogenes strains recovered from sporadic human listeriosis in Austria. Most isolates were of serovar 4b (63.4%, n = 26). 29.2% (n = 12), 4.9% (n = 2) and 2.4% (n = 1) of the isolates showed serovar 1/2a, 1/2b and 1/ 2c, respectively. In 83 foodborne strains, serovar 1/2b was most frequent (55.4%, n = 46). 17% (n = 14), 18% (n = 15) and 3.6% (n = 3) of the foodborne isolates showed serovar 4b, 1/2a and 1/2c, respectively. Serovars other than 1/2a^c and 4b were only determined in 6% (n = 5) of the foodborne strains (serovar 3b, one strain; serovar 3c, one strain; serovar 4d, two strains; and serovar 4e, one strain).
PFGE typing by AscI revealed 30 pulsotypes in 53 strains. The combination of typing data of all enzymes and serotyping resulted in the establishment of 41 types in 53 isolates. Comparing the rate of discrimination in the panel of L. monocytogenes strains recovered from sporadic listeriosis with the strains recovered from outbreak episodes, 37 out of 41 sporadic case-associated isolates and ¢ve out of nine outbreak strains established an individual type.
Five strains of Austrian provenance shared AscI pulsotypes with single other strains associated with sporadic Furthermore, strains of pulsotype AB were indistinguishable by the three enzymes applied. All three isolates were of fecal origin. These isolates were recovered from a healthy 30-year-old, a 68-year-old and an 89-year-old person living in the Innsbruck area, Tyrol.
Three combined pulsotypes (A, Q and R) were identi¢ed which comprised strains recovered from sporadic and epidemic listeriosis. Concerning pulsotype A, strain CLIP80459, serovar 4b, was associated with an outbreak of listeriosis in France and indistinguishable from strain 2/00 and strain 35/00, both serovar 4b, by PFGE with AscI and ApaI. Only SmaI produced a pattern, where strain 35/00 showed a pattern of DNA fragments indistinguishable from a strain being closely related to pulsotype Q (Fig. 1) . To further con¢rm the PFGE results, these strains were ribotyped and strains 2/00 and 35/00 were again indistinguishable from CLIP80459 (Fig. 2) .
Concerning pulsotypes Q and R, the use of ApaI and SmaI further di¡erentiated between strains of Austrian provenance but not in the set of outbreak strains. Pulsotype Q was established for strain F2365, which was isolated during an episode of listeriosis in Los Angeles County, two strains associated with the Vacherin Mont d'Or outbreak (PF492 and LL195), and strain 1175, which was isolated during an outbreak in Denmark. Five sporadic case-associated strains showed a fragment pattern indistinguishable from the outbreak-associated pulsotype Q after macrorestriction with AscI. ApaI and SmaI further di¡erentiated three out of ¢ve Austrian strains of pulsotype Q (lettered Qb, Qc and Qd), but strains 234/99 and 262/99 (pulsotype Qa) remained indistinguishable from each other (shown for SmaI in Fig. 1 ).
Pulsotype R was established for strain F80594, isolated during a Danish episode of listeriosis, and strain PF49, isolated during the Vacherin Mont d'Or outbreak in Switzerland. Six Austrian strains showed a fragment pattern indistinguishable from pulsotype R after macrorestriction with AscI. ApaI and SmaI further di¡erentiated ¢ve of six clinical strains (lettered Ra to Re) but strain 243/97 remained indistinguishable. The ApaI/SmaI fragment patterns of these ¢ve strains were frequently indistinguishable from pulsotype Q ( Table 1) . Three out of six isolates, namely 216/97 (pulsotype Rd), 222/97 (pulsotype Re) and strain 243/97 were recovered in 1997. Dice's index of similarity was calculated for the strains recovered in 1997. In any strain, more than 10 distinct fragments were evaluated, thus meeting basic requirements as proposed by Tenover et al. [25] . This calculation revealed a similarity of strain 216/97, 222/97 and strain 243/97 with strain PF49 (outbreak strain) ranging from 0.88 to 1. The results of serotyping and of PFGE of 53 L. monocytogenes strains are shown. AscI was used in a ¢rst round of PFGE typing. Strains distinguishable by AscI were addressed as unique, ascribed a capital letter and listed in the column U (unique). Strains indistinguishable from at least one other isolate were listed in column I (indistinguishable) and were further typed with ApaI and ¢nally SmaI. Strains indistinguishable by AscI but distinguishable by either ApaI or SmaI typing were denoted, in addition to the capital letters, by lower case letters. Furthermore, a combined type was determined. The combined type refers to results from serotyping as well as from PFGE typing. Strains distinguishable by either serotyping or AscI typing were again listed as unique (U), while strains of the same serovar and of an indistinguishable pulsotype with AscI-or AscI/ApaI typing were listed as partially related (P). Strains indistinguishable by seroytping and PFGE typing with AscI, ApaI and SmaI were listed as indistinguishable (I). Strains di¡erenti-ated on the basis of their serotype but not by AscI typing were marked with an asterisk. a f, female; m, male; O, strains occurring from outbreaks (referenced). b L, lethal outcome ; C, carrier c n.k., not known. 
Discussion
Molecular methods have been revolutionizing typing of L. monocytogenes. A simple search in Pubmed combining search terms L. monocytogenes with one of the following typing methods ranked PFGE, phage typing and ribotyping on positions one to three, respectively. RAPD typing is favoured when a high number of isolates is being typed and all isolates originate from a small ecological niche (e.g. a plant, a single foodstu¡). Some authors have been comparing di¡erent typing methods on a set of L. monocytogenes. PFGE and RAPD showed the highest discriminatory e⁄ciency [27^29] . Serotyping is of lower discriminatory power simply owing to the limited number of serovars present among both clinical and foodborne strains. This was also con¢rmed for L. monocytogenes strains originating from sporadic listeriosis in Austria because 61% of the isolates belonged to serovar 4b. Serovar 4b was, however, less frequently found in strains from food commodities and food processing environments as more than 70% of the 83 food isolates belonged to serovars 1/2a and 1/2b.
Tracing of L. monocytogenes during outbreak follow-up investigations is preferentially performed by specialized laboratories. The typing results, however, have to be interpreted with careful consideration of other epidemiological ¢ndings such as uptake of the suspicious foodstu¡ magnitude of exposure, geographical distribution of cases and duration of the outbreak period. Most cases of listeriosis, including the ones described in Austria, occur sporadically [4] . Four pairs of Austrian clinical strains showed an identical pulsotype. A common source of infection was not found. As each pair of strains was recovered from patients who had been hospitalized at a great distance and at di¡erent timepoints, an epidemiological link between the two cases is unlikely.
Surveillance of listeriosis is a fundamental requirement for two reasons. Firstly, the expanded incubation time of human listeriosis frequently leads to a wide distribution of contaminated foodstu¡ before the onset of an outbreak episode is recognized. This, however, results in an outbreak record where the spread of cases, the overall number of patients belonging to the outbreak cohort and the common source is di⁄cult to determine. A good example of these considerations is seen in the PFGE typing data of strains of pulsotype A. Both strains 2/00 and 35/00 were barely distinguishable from the French outbreak isolate CLIP 80459. Both cases occurred in a temporal distance of 6 weeks but in temporal concordance to the French outbreak which was presumably associated with the consumption of pork tongue in jelly. In this outbreak, Austrian border veterinarians issued a ¢rst alert in order to announce the contamination of French food import [30] . The successful detection of an outbreak-associated clone in a country other than the one where the outbreak has been occurring emphasizes the need for international surveillance.
Secondly, the outcome of exposure to L. monocytogenes depends on the magnitude of contamination, the immune status of the exposed population, the consumption habits and on the virulence of the strain itself. In particular, the variability in L. monocytogenes with respect to traits of virulence and pathogenicity is far from being understood. Studies on the genetic diversity of strains associated with the outbreaks in Switzerland, California, France and Denmark showed the presence of a homogeneous genetic background [12, 31, 32] . The suspicion that outbreak strains might constitute lineages of clones of increased potential to cause listeriosis in humans was ¢rst suggested by typing and is now further substantiated [33, 34] . Outbreak-associated strains of a particular genetic background are called epidemic clones (ECs) and monitoring their presence in foodstu¡s is of particular concern for veterinary and human public health. PFGE typing proved the presence of pulsotypes in Austrian L. monocytogenes strains indistinguishable from ECs, either by the fragment pattern produced by AscI or, in a smaller number of strains, by combining the discrimination results produced by three enzymes. This ¢nding could be of interest with respect to the case fatality rate in 1997, which was ultimately high in comparison both with international data and with the domestic case fatality rates recorded in the following years. The case fatality in 2000, for example, was only 23% although the number of patients su¡ering from underlying disease was almost the same. Five out of eight clinical isolates recovered in 1997 were indistinguishable from ECs by AscI typing. Three out of these ¢ve strains resembled the AscI pulsotype of strain PF49, which was ¢rst isolated from an episode of listeriosis in Switzerland. The Swiss outbreak in particular was caused by a highly virulent isolate, as substantiated both by epidemiological considerations and by cell culture experiments showing an increased virulence of PF49 in comparison with a wildtype strain [35, 36] . Clear evidence that strains with homologies in their genetic setting belong to clusters that are di¡erent from others in terms of virulence and pathogenicity is still not available and requires more data, which will presumably soon follow the sequencing of the Listeria genome that has already been completed [37] .
That particular pulsotypes of L. monocytogenes are distributed across borders was con¢rmed in this and other studies [32, 38] . International distribution, however, requires international tracing. To facilitate tracing of L. monocytogenes in Europe, a pan-European surveillance program is encouraged such as was successfully established in the USA by the PulseNet initiative.
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